Friedreich ataxia (FRDA) is caused by a GAA repeat expansion in the FXN gene leading to reduced expression of the mitochondrial protein frataxin. Recombinant human erythropoietin (rhuEPO) is suggested to increase frataxin levels, alter mitochondrial function and improve clinical scores in FRDA patients. Aim of the present pilot study was to investigate mitochondrial metabolism of skeletal muscle tissue in FRDA patients and examine effects of rhuEPO administration by phosphorus 31 magnetic resonance spectroscopy (31P MRS). Seven genetically confirmed FRDA patients underwent 31P MRS of the calf muscles using a rest-exercise-recovery protocol before and after receiving 3000 IU of rhuEPO for eight weeks. FRDA patients showed more rapid phosphocreatine (PCr) depletion and increased accumulation of inorganic phosphate (Pi) during incremental exercise as compared to controls. After maximal exhaustive exercise prolonged regeneration of PCR and slowed decline in Pi can be seen in FRDA. PCr regeneration as hallmark of mitochondrial ATP production revealed correlation to activity of complex II/III of the respiratory chain and to demographic values. PCr and Pi kinetics were not influenced by rhuEPO administration. Our results confirm mitochondrial dysfunction and exercise intolerance due to impaired oxidative phosphorylation in skeletal muscle tissue of FRDA patients. MRS did not show improved mitochondrial bioenergetics after eight weeks of rhuEPO exposition in skeletal muscle tissue of FRDA patients.
Introduction
Friedreich Ataxia (FRDA) is the most common inherited ataxia among Caucasian populations. Clinically, FRDA is determined by progressive ataxia of gait and extremities, dysarthria and areflexia [1] . Muscle weakness is evident particularly in the lower limbs [2, 3] , though signs of weakness or fatigue may be masked by more prominent features of ataxia. FRDA is a caused by a GAA trinucleotid expansion in intron 1 of the frataxin gene [4] leading to reduced expression of the mitochondrial protein frataxin. Frataxin is critically involved in iron sulfur cluster assembly, respiratory chain activity and iron homeostasis within mitochondria [5, 6] . The pathological cascade in FRDA is not solely restricted to the nervous system. Besides, muscle tissue especially cardiac muscle but also skeletal muscle show decreased frataxin expression and impairment of the respiratory chain [7, 8] . Reduced skeletal muscle adenosine triphosphate (ATP) production and mitochondrial dysfunction could be demonstrated earlier by magnetic resonance spectroscopy (MRS) [9, 10] . Furthermore MRS was used for monitoring therapeutics in FRDA [11] . Recombinant human Erythropoietin (rhuEPO) has shown to upregulate frataxin levels in-vitro and in-vivo [12, 13, 14] . Moreover, decrease in oxidative stress [15] and changes in mitochondrial function [16] have been reported after rhuEPO application in FRDA.
Phosphorus 31 magnetic resonance spectroscopy (31P MRS) offers a non invasive investigation of human skeletal muscle bioenergetics by monitoring relative and absolute changes of phosphocreatine (PCr), inorganic phosphate (Pi) and adenosine triphosphate (ATP) during incremental exercise and recovery [17] . ATP production in skeletal muscle tissue relies on three main sources. In absence of sufficient oxygen supply ATP synthesis is dependent on PCr and glycolysis, whereas mitochondrial oxidative phosphorylation (OXPHOS) requires oxygen and substrates such as pyruvate or fatty acids [18] . During exercise PCr decreases continuously until oxygen supply is increased sufficiently and adenosine triphosphate (ATP) can be provided for rephosphorylation of PCr [19] . Particularly PCr regeneration after exercise is an indicator for mitochondrial function in skeletal muscle [20] . Aim of the present study was to investigate mitochondrial function of skeletal muscle tissue in FRDA patients and to examine effects of rhuEPO application.
Patients and Methods
The protocol for this trial and supporting CONSORT checklist are available as supporting information; see Checklist S1 and Protocol S1.
Ethics Statement
The study was approved by the local ethics committee of the Medical University of Innsbruck (approval number: UN3152_LEK) and is conducted according to the principles expressed in the Declaration of Helsinki. The trial is registered in the EudraCT database (number: 2008-000040-13). All participants gave written informed consent.
Patients
Seven patients (1 female, 6 male) were included in this open label pilot study (compare figure 1) . All patients were recruited from the ataxia outpatient clinic of the Department of Neurology (Medical University Innsbruck). Pre-recruitment from the investigator site's own patient pool started in October 2008. Screening visits to check for inclusion and exclusion criteria were carried out in February and March 2009 after final trial registration. Administration of the investigational medicinal product and study related procedures were conducted in the time period from March to June 2009. Changes to initial trial protocol were not performed throughout the study. All patients were older than 18 years (40614 years), had genetically confirmed FRDA with a mean GAA length of the shorter allele of 5846337 repeats and displayed a disease duration of 1868 years on average (compare table 1). As an age-and sex-matched control group for MRS bioenergetics 8 healthy adults (2 female, 6 male) without evidence of neurological disease were included. Exclusion criteria for participation were a hematocrit greater than 50% or thrombocytosis at screening visit. Furthermore, patients with cancer, chronic inflammatory diseases, unstable diabetes mellitus (HbA1c.8%), chronic liver disease, alcohol abuse, epilepsy, heart insufficiency (NYHA.2), previous thrombo-embolic events, anti-coagulation, pregnancy or breast feeding, iron, vitamin B12 and/or folic acid deficiency, cardiovascular diseases, psychiatric disorders, hypersensitivity to rhuEPO 
Study Design
FRDA patients received 3,000 international units (IU) rhuEPO (Roche, Switzerland) thrice weekly over a study period of 8 weeks. 31P MRS was carried out before and after rhuEPO treatment. Biochemical measurements of respiratory chain activity and frataxin levels were performed in skeletal muscle tissue pre-and post rhuEPO treatment. The ''Scale for the Assessment and Rating of Ataxia'' (SARA, [21, 22] was used for monitoring clinical changes. Safety was assessed by red blood cell count and blood pressure in two weekly intervals.
31P MRS Protocol
To avoid confounding effects all FRDA patients underwent 31P MRS before muscle biopsy. MRS was carried out performing one exercise cycle each for both legs. The exercise bench consisted of a pedal ergometer that was connected to a piston and an airpressure-powered cylinder [23, 24, 25, 26] . Stable power output during one increment was assured by a regulation software that recorded continuously force, distance and frequency during pedal movement [27] . The protocol consisted of measurements at rest and during exercise increments at 1, 2, 4 and 6 W. MRS was carried out on a 1.5 Tesla whole body MR scanner (Magnetom Magnetom Avanto, Siemens Erlangen, Germany), using a circular polarized double resonator surface coil that permits the receipt of 1H resonances at 63.5 MHz and 31P resonances at 25.8 MHz. The diameter of the transmitter coil was 21 cm and the diameter of the receiver coil 14 cm. A free induction decay sequence with a repetition time of 1000 ms, an echo time of 0.13 ms, a flip angle of 90u, 10 averages and an acquisition time of 10 s was applied. The nuclear Overhauser enhancement (NOE) was applied to all MRS measurements [28, 29] . The signal was received from the calf that was fixed on the double resonator coil.
31P MRS Data Analyses
Spectroscopic measures were processed using the commercial software package as provided by the manufacturer (Siemens Erlangen, Germany). The peak areas of PCr, Pi and ATP were fitted in the frequency domain. Additionally, the position of the peaks of PCr and Pi were determined. Absolute concentrations of PCr and Pi were calculated using ATP as an internal standard by assuming an ATP concentration of 8.2 mmol/l [30] . Intracellular pH was calculated from the chemical shift of Pi based on following equation [31] : The time constants t and D ss values, meaning the difference between baseline and steady-state levels, were calculated for PCr and Pi for each incremental workload by using a non-linear regression analysis in R for windows (The R Foundation for Statistical Computing, GNU General Public License, Boston, USA) as previously reported [32] . For that purpose, the last integral of the preceding increment or rest phase was considered as baseline integral for the following increment. The time constants t and D ss values were calculated by using the equation [23, 27, 33] :
PCr0/Pi0: baseline value DPCr(t)/DPi(t): PCr/Pi value at the time (t) DPCr ss D/Pi ss : difference between baseline value and the estimated steady-state level The coherence between the mono-exponential model and the data of each subject is described by a coefficient of determination r 2 [23, 27, 33] :
{residual sum of squares=corrected sum of squares A coefficient r 2 above 0.4 was considered as an acceptable fit, whereas a coefficient r 2 below 0.4 indicated a weak agreement with the mono-exponential model and were not used for calculation of time constants.
Biochemical Analyses
Biochemical analyses were performed from skeletal muscle specimens obtained by open muscle biopsy after local anaesthesia. Skeletal muscle biopsy was performed after MRS at the right gastrocnemius muscle at baseline and at the left gastrocnemius muscle after rhuEPO treatment, respectively. Skeletal muscle tissue was immediately snap-frozen after biopsy in liquid nitrogen and stored at 270 degrees Celsius until analysis. Biochemical analyses included NADH-CoQ-Oxidoreductase (Complex I), Succinat/CytochromC-Oxidoreductase (Complex II/III), CytochromC-Oxidase (Complex IV) and Citratsynthase (CS). Frataxin levels in skeletal muscle tissue were quantified pre-and post rhuEPO treatment by electrochemiluminescence assay as previously reported [7, 34] . 
Results
The MRS protocol consisted of measurements during resting state, incremental exercise (plantar flexion) and recovery after maximal exhaustive exercise. Analyses in 7 FRDA patients (corresponding to 14 leg analyses) and 8 age-matched controls (corresponding to 16 leg analyses) were included in the present study. Quantification of metabolites at rest revealed elevated absolute levels of Pi (p = 0.010) in FRDA patients, while PCr concentrations were similar (p = 0.714) in patients and control subjects. FRDA patients showed pH values of 7.0460.03 in resting skeletal muscle, which is comparable to healthy controls (7.0560.04; p = 0.449). Compare Table 1 (see table 2 ).
PCr and Pi Time Course during Incremental Exercise
In accordance with PCr depletion Pi increase (p,0.001) could be detected in FRDA patients during incremental exercising. Pi Time constants t (p = 0.011) and DPi ss were exceeded in FRDA, accounting for increased and prolonged accumulation of Pi in relation to controls. Pi increase in FRDA was obtained irrespective
PCr and Pi Time Course during Recovery Period
During the recovery period regeneration of PCr (p,0.001), progressive loss of Pi (p,0.001) and changes in pH (p = 0.108) were detected. Time for reaching steady state conditions of PCr was prolonged in FRDA as shown by increased PCr time constant t (p = 0.002). Moreover, decreased steady state of PCr resynthesis (DPCr ss, p = 0.054) could be detected in FRDA as compared to control subjects. Pi decline in FRDA patients showed both increased time constant t (p,0.001), as well as increased steady state conditions of Pi (DPi ss , p = 0.002). No significant changes in PCr and Pi kinetics were found during the recovery period after administration of rhuEPO (see figure 3) .
Correlation Analysis
Biochemical analyses of the respiratory chain, MRS measurements as well as frataxin levels [7] showed correlation to patients' demographical data at baseline. 
Discussion
In this study we investigated the oxidative energy metabolism of the calf muscles in FRDA patients by 31P MRS using a restexercise-recovery protocol. Compared to an age-and sex-matched healthy control group we found lower steady state levels of PCr and increased accumulation of Pi during incremental plantar flexion in FRDA. After maximal exhaustive exercise FRDA patients showed prolonged time constants and decreased steady state of PCr recovery. PCr time constants after exercise reflect mitochondrial ATP production via OXPHOS and are valuable indicators for mitochondrial function [36, 37] . Our results are therefore in line with earlier studies showing deficient ATP production in skeletal muscle of FRDA patients in a regular maintenance state [10] and after ischemic exercise [9] . During incremental work load accumulation of Pi was excessive in FRDA patients, leading to earlier activity induced ischemia and abruption of exercise. Exercise intolerance is a well known feature of mitochondrial myopathies [36, 37, 38] . Moreover, mitochondrial dysfunction detected by MRS is also found in mitochondrial diseases without clinical evidence of myopathy [39, 40] . Histopathological findings in FRDA skeletal muscle reveal a mixed neurogenic/myopathic atrophy pattern with only subtle mitochondrial features [41] . Along with reduced frataxin expression in skeletal muscle tissue [7] our spectroscopy data suggest primary involvement of skeletal muscle in FRDA patients even without pathological hallmarks of mitochondrial myopathy. The extent of mitochondrial dysfunction in skeletal muscle in the present study correlated to steady state levels of PCr during regeneration, whereas no correlation was found to demographic and genetic values. This is in contrast to previous MRS studies in FRDA showing a direct correlation between the maximum rate of PCr recovery and GAA repeats of the shorter FXN allele [9, 10] . The lack of correlation in our series is probably due to a different study population including a broader FRDA phenotype and advanced disease stages. Severe gait disturbance and immobilisation are prone, as seen in healthy humans, to result in reduction of mitochondrial density in skeletal muscle [42, 43, 44] . Primary mitochondrial dysfunction in skeletal muscle may therefore be aggravated as a consequence of muscle atrophy in advanced disease stages.
Impaired frataxin expression in FRDA skeletal muscle has been shown only recently [7] . Thus, its impact on oxidative stress markers in muscle has not been investigated until now. Moreover, it has not been explored whether frataxin up-regulation in response to rhuEPO exposure has an impact on mitochondrial function in skeletal muscle. Besides EPO's well known function as a regulator of red blood cell production, EPO is critically involved in tissue damage, cell apoptosis and metabolic stress [45] . EPO is thereby thought to exert cytoprotective effects by inducing neovascularisation and enhancing trophic activity. Although an average of 45% frataxin up-regulation was found in muscle tissue after rhuEPO exposure in the present FRDA series [7] , rhuEPO exposure had no significant impact on respiratory chain activity in muscle specimen [41] . In line with the above-mentioned neuropathological and biochemical findings in muscle tissue, the present MRS measurements in skeletal muscle could not demonstrate benefit in mitochondrial OXPHOS after continuous rhuEPO stimulation of eight weeks.
In principle, oxidative stress in frataxin deficient cells appears to be primarily related to disturbed mitochondrial iron metabolism [5, 46] . Additionally, impaired formation of iron-sulfur clusters (ISC), especially ISC-containing respiratory complexes I, II, and III, in frataxin deficient tissue increases oxidative stress through premature leakage of electrons and the generation of hydroxyl radicals reacting with Fe2+ (Fenton reaction). We found a correlation between impaired respiratory chain complex II and III activity in muscle tissue and PCr recovery, as well as to absolute concentrations of Pi and PCr at exercise abruption. This indicates 31P MRS measurements to be sensitive and valid for monitoring changes in respiratory chain activity, especially for therapeutic agents that improve respiratory chain activity [47] .
In analogy to cardiac muscle, 31P MRS of skeletal muscle in FRDA reveals evidence of mitochondrial dysfunction and impaired oxidative phosphorylation despite only subtle mitochondrial features were found in skeletal muscle biopsies. This finding may, at least partially, explain progressive muscle weakness and fatigue in FRDA patients. A relevant impact of rhuEPO stimulation over 2 months on ISC-containing respiratory complexes and ATP was not detectable by 31P MRS.
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